The mechanism by which the 14-kDa fusion protein of vaccinia virus (VV) is anchored in the envelope of intracellular naked virions (INV) is not understood. In this investigation, we demonstrate that the 14-kDa protein interacts with another virus protein with an apparent molecular mass of 21 kDa. Microsequence analysis of the N terminus of the 21-kDa protein revealed that this protein is encoded by the W A17L gene.
Vaccinia virus (VV) is a large-DNA animal virus which replicates entirely in the cell cytoplasm (22) . The doublestranded DNA genome has the potential to code for about 200 different polypeptides (10) , of which about 100 are found in the virus particle (9, 25) . Quite unprecedented for animal viruses, in the course of VV infection, two forms of infectious virus are produced: the intracellular naked virus (INV), which consists of a nucleocapsid surrounded by a membrane, and the extracellular enveloped virus (EEV), which represents the INV form surrounded by an additional envelope (13, 14, 21) . The EEV form is considered to play an important role in virus dissemination in cells in culture and in the spread of virus infection in experimental animals (26, 27) . VV morphogenesis is a complex multistep process in which a large number of polypeptides must be assembled in precise order to form a virus particle. Although much progress has been made in the identification of viral genes encoding polypeptides that are incorporated in the virion, very little is known about the structural organization of the protein components in the virion.
One protein component of INV that plays an important role in the biology of VV is the 14-kDa fusion protein. This protein is highly conserved in members of the Orthopoxvirus genus (31) and is present in the envelope of INV, where it forms disulfide-linked trimers (32) . The 14-kDa protein is involved in the fusion of the viral envelope with the cell plasma membrane (5, 32) , indicating a role in virus penetration, and it is also involved in cell-to-cell fusion late in virus infection (12, 31, 32) . The 14-kDa protein induces neutralizing antibodies (18, 19, 31) and confers immunity to VV in experimental animals (4, 19) . In addition, the 14-kDa protein plays an important role in virus dissemination, both in cells in culture and in infected animals (2, 3, 11, 29) . In this regard, it has been shown that the 14-kDa protein is required for the envelopment of INV that leads to the formation of EEV (33) . Two other viral polypeptides have been identified with roles in the formation of infectious EEV: the 37-kDa acylated protein (1, 34) and the 22-to 24-kDa glycoprotein with homology to C-type animal lectins (7) . It has been speculated that the 14-kDa protein may interact with either the 37-or the 22-to 24-kDa protein in order to form EEV (7, 33) . Because the 14-kDa protein lacks a membrane signal sequence or a large hydrophobic domain (30) , it has been difficult to explain how this protein finds its way to the envelope of INV. In this investigation, we provide evidence that the 14-kDa protein interacts with another virion-associated protein of about 21 kDa. We have identified the VV gene encoding the 21-kDa protein and defined a number of structural properties of the 14-kDa-21-kDa protein complex. Our findings are consistent with the view that the 21-kDa protein serves to anchor the 14-kDa protein in the envelope of INV.
MATERUILS AND METHODS
Virus and cells. The WR strain of VV was propagated and titrated in African green monkey kidney (BSC-40) cells and purified as previously described (15) . BSC-40 cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% newborn calf serum.
Antisera. The monoclonal antibodies (MAbs) C3 and Bil, specific for the 14-kDa protein, have been previously described (31) . The rabbit polyclonal anti-14-kDa, anti-R7, and anti-R8 sera were produced by immunization of rabbits with the purified 14-kDa protein (19) , the synthetic peptide R7 (corresponding to amino acids 1 to 20 of the 14-kDa protein), and the synthetic peptide R8 (corresponding to amino acids 21 to 41 of the 14-kDa protein), respectively. The peptides were conjugated with keyhole limpet hemocyanin, using glutaraldehyde.
Immunoprecipitation analysis. BSC-40 cells were infected with VV at 10 PFU per cell. At 6 h postinfection (p.i.), the medium was removed and replaced by methionine-free DMEM supplemented (1:10) with regular DMEM and
[35S]methionine (10, uCi/ml As shown in Fig. 1 , a protein with an apparent molecular mass of 21 kDa coprecipitated with the 14-kDa protein with the five different anti-14-kDa polyclonal and monoclonal antibodies. In addition, an 11-kDa protein corresponding to a processed form of the 14-kDa protein (18) was immunoprecipitated by these antibodies. These proteins were not immunoprecipitated by a rabbit preimmune serum (lane F) or by rabbit antiserum raised against the W core p4a and 39-kDa proteins (data not shown).
The 21-kDa protein is encoded by the W A17L gene. To determine the genome localization of the 21-kDa protein, we carried out microsequencing analysis. Extracts from Winfected cells were immunoprecipitated with MAb C3, the immunoprecipitated products were fractionated by SDS-PAGE (12% polyacrylamide gel), and proteins were transferred to a Problott membrane. The band corresponding to the 21-kDa protein was excised and processed for microsequencing. The first 10 amino acid residues at the N terminus of the 21-kDa protein were determined. A search of the EMBL protein data bank showed that this amino acid sequence is 100% identical to amino acids 17 to 26 from a W protein with a predicted molecular mass of 23 kDa, which is encoded by the W A17L gene of the Copenhagen strain (10) (Fig. 2A) . This result indicates that the 21-kDa protein represents a processed product of the 23-kDa precursor that is generated by removal of the first 16 amino acids of the N terminus. The hydropathy plot of the 23-kDa protein (Fig.  2B ) revealed the presence of two large hydrophobic domains characteristic of membrane proteins, as previously noted (10) . The 14-kDa protein forms a stable complex with the 21-kDa protein soon after synthesis. Since synthesis of the 14-kDa protein begins at about 6 h p.i. (32) , it was of interest to determine how soon after its synthesis the 14- thionine for various times were immunoprecipitated with MAb C3 and analyzed by SDS-PAGE. As shown in Fig. 3 , the time required for the 14-kDa protein to associate with the 21-kDa protein is about 1 h. The interaction was stable, since the complex was maintained after 24 h of chase at both 37 and 39.5°C. Significantly, the 23 Fig. 4 , both 14-and 21-kDa proteins were coprecipitated by the MAb in the presence of rifampin. This result indicates that 14-kDa-21-kDa protein complex formation occurs before virion assembly, in agreement with the findings of Fig. 3 , and that rifampin has no effect on cleavage of the precursor 23-kDa protein.
The 21-kDa protein forms disulfide-linked dimers. Since the 14-kDa protein forms dimers and trimers held by disulfide bonds (32) , it is possible that the 21-kDa protein associates with these oligomeric structures. To test this possibility, the products immunoprecipitated by MAb C3 from VV-infected cells were analyzed by SDS-PAGE under both reducing and nonreducing conditions (Fig. 5) ditions the 14-and 21-kDa proteins are the main products immunoprecipitated by MAb C3 (Fig. 5a, lane B the reducing agent DTT. The soluble envelopes were removed from viral cores by centrifugation and dialyzed against PBS. The proteins were immunoprecipitated by MAb C3 and fractionated by SDS-PAGE. As shown in Fig.  6A , the 14-kDa protein was the only product immunoprecipitated by MAb C3 when envelopes were prepared from detergent-treated virions (lane 4). However, when envelopes were extracted with detergent plus the reducing agent DTT, the 21-kDa protein coprecipitated with the 14-kDa protein (lanes 5 and 6). In addition, the 11-kDa protein, a cleavage product of the 14-kDa protein (18) , was released from virions by this treatment and was immunoprecipitated by MAb C3 (lanes 5 and 6). In agreement with previous observations (8) , the amount and number of polypeptides released from virions by detergent increased in the presence of a reducing agent ( Fig. 6A; compare lane 1 with lanes 2 and 3) . When the same immunoprecipitated products were analyzed under nonreducing conditions (Fig. 6B) , the 14-kDa protein appeared mostly as a trimer (lanes 2 to 4), as previously described (32) . In addition, the dimer of the 21-kDa protein (denoted by a star) was observed (lanes 2 and 3) . We conclude that the 14-kDa-21-kDa protein complex in the virion consists mostly of trimers of the 14-kDa protein and of dimers of the 21-kDa protein.
DISCUSSION
The morphogenesis of VV is a complex process that results in the formation of two infectious forms of virions: INV, which is the most abundant form within the cell, and EEV, which consists of INV wrapped in a double membrane acquired from the Golgi apparatus (13, 14, 21) . Since purified virions contain about 100 different polypeptides (9, 25) , it has been difficult to assign the role of distinct proteins in virus assembly. Three virus proteins of 14 kDa (33), 37 kDa (1, 34), and 22 to 24 kDa (7) have been proposed to be required for EEV formation and virus egress. Unlike the 37-kDa acylated protein and the 22-to 24-kDa protein, which are present in the outer membrane of EEV, the 14-kDa protein is a component of the envelope of INV.
In this investigation, we demonstrate that the 14-kDa protein forms a complex with a 21-kDa protein. The 14-kDa-21-kDa protein complex was immunoprecipitated from infected cells by different antibodies directed against the 14-kDa protein (Fig. 1 ), but neither of these two products was immunoprecipitated by preimmune serum or by antibodies against the core p4a and 39-kDa proteins (data not shown), thus establishing the specificity of the 14-kDa-21-kDa protein interaction. The first 10 amino acids at the N terminus of the 21-kDa protein were determined by microsequencing analysis, and it was found that the 21-kDa protein corresponded to the processed form of a predicted 23-kDa viral polypeptide. This polypeptide is encoded by the VV A17L gene of the Copenhagen strain (Fig. 2) that is in close proximity to A27L, the gene that encodes the 14-kDa protein. The N terminus of the 21-kDa protein lies within the tripeptide sequence Ala-Gly-Ala, previously identified as a consensus motif for proteolytic processing of some structural proteins of VV and fowlpox virus (35) . The cleavage site within the A17L gene product has also been identified (36) . Analysis of the 23-kDa protein sequence revealed the presence of two large hydrophobic domains in the central region of the protein, which could provide sites for membrane ahchorifig.
Formation of the 14-kDa-21-kDa protein complex was a rapid process but with a lag period. Within 1 h after synthesis, the 14-kDa protein associated with the 21-kDa protein, and this association remained stable throughout infection (Fig. 3) . Significantly, the 14-kDa protein interacted only with the processed 21 (16, 23, 24, 28) . The fact that the 14-kDa-21-kDa protein complex was immunoprecipitated from extracts of cells infected in the presence of rifampin (Fig. 4) indicated that the proteolytic cleavage of the 23-kDa precursor is independent of the drug and that the 14-kDa-21-kDa protein complex formation occurred prior to virus maturation. This finding is in agreement with the rapid interaction seen for both proteins by pulse-chase analysis (Fig. 3) .
By two-dimensional SDS-PAGE analysis of the MAb C3-immunoprecipitated products in which the first dimension was run under nonreducing conditions and the second dimension was run under reducing conditions, we did not observe a protein aggregate consisting of both 14-and 21-kDa proteins (Fig. 5 ). This result implies that the interaction between 14-and 21-kDa proteins is not maintained by disulfide bonds and can be disrupted by the conditions used during the electrophoresis. In fact, we have observed that the 14-kDa-21-kDa protein complex is dissociated by 0.5% SDS (data not shown). While the 21-kDa protein formed dimers linked by disulfide bonds, there was a discrepancy between the predicted (42 kDa) and the observed (30 kDa) molecular masses of the 21-kDa dimer. This discrepancy may be related to folding of the dimer. In addition, we observed that the 14-kDa protein forms not only dimers and trimers but also tetramers. Formation of 14-kDa dimers and trimers has been previously described (18, 32) , but the presence of 14-kDa tetramers in the course of virus infection has not been reported before.
The 14-kDa protein does not contain a signal sequence or a large hydrophobic domain characteristic of membrane proteins (30) . Because of these properties, it has been difficult to explain how this protein is anchored in the outer membrane of INV. From our findings, it appears likely that the 21-kDa protein serves to anchor the 14-kDa protein on the envelope of INV. In support of this notion, we have observed that stripping envelopes of INV with the nonionic detergent NP-40 results in the release of the 14-kDa protein but not of the 21-kDa protein; however, the 14-kDa-21-kDa protein complex is released when virions are treated with both a detergent and a reducing agent (Fig. 6A) . These findings suggest that the 21-kDa protein is localized in a more internal position within the virion than is the 14-kDa protein.
Moreover, when the products immunoprecipitated from soluble envelopes were analyzed by SDS-PAGE under nonreducing conditions, the 14-kDa trimer and the 21-kDa dimer were found to be the most abundant products (Fig.  6B) , providing evidence that these two oligomeric structures are involved in the 14-kDa-21-kDa protein complex. The interaction between trimers of the 14-kDa protein and dimers of the 21-kDa protein could be similar to the interaction observed between the viral matrix and the envelope glycoprotein of vesicular stomatitis virus (6, 20) .
Since the 14-kDa protein is one of the three proteins identified as being involved in the envelopment of INV by a Golgi-derived membrane (33) , and this protein is required for the formation of EEV, it has been proposed that an interaction might exist between 14-kDa protein and either the 37-or 22-to 24-kDa protein of EEV (7, 33) . Although the association between the 14-and 21-kDa proteins was revealed by immunoprecipitation analysis with antibodies against the 14-kDa protein and also by cosedimentation on sucrose gradients of NP-40-treated extracts from virus-infected cells (data not shown), interaction of the 14-kDa protein with either the 37-or 22-to 24-kDa protein was not observed. However, treatment of both virions and extracts from virusinfected cells with the cross-linker agent disuccinimidyl suberate, using conditions previously described (18) , results in the formation of a large protein complex which is recognized by antibodies to the 14-kDa protein, indicating the interaction of the 14-kDa protein with other protein(s) (data not shown).
Several lines of evidence indicate that the trimeric form of the 14-kDa protein is exposed on the outside of the envelope of INV. First, MAb C3 neutralizes the infectivity of INV and also prevents virus-induced cell fusion (12, 31, 32) ; second, removal of the 14-kDa protein from INV is obtained with low concentrations of a nonionic detergent (Fig. 6) (31) , a condition that preserves the structure of the nucleocapsid; third, electron microscopy of immunogold-labeled INV, based on reactivity with MAb C3 and with goat anti-mouse immunoglobulin G conjugated with gold, reveals exclusive labeling around the viral envelope (unpublished results). These observations suggest that trimers of the 14-kDa protein are projected from outside the viral envelope. Since the N terminus of the 14-kDa protein has been proposed to be involved in virus-cell fusion (12) , the N-terminal portion of the protein could be exposed on the outside of the envelope, while on the inside, the C terminus of the 14-kDa protein could interact with the 21-kDa protein. Further study of these two proteins should provide better understanding of the structure-function relationship of membrane fusion proteins.
Whether the 21-kDa protein is essential for virus infection is not yet known. The generation of VV recombinants with an inducible A17L gene will reveal more insights about the role of the 21-kDa protein in virus infection and virion morphogenesis.
